Reduction of seaweed beds is a serious problem in coastal areas of Japan and worldwide, and the lack of dissolved iron in seawater may contribute to the destruction of this ecologically important habitat. We have previously developed a method for restoring seaweed beds using a mixture of steelmaking slag and composts containing humic substances. Since October 2004, we have been performing field tests on the Shaguma coast in Mashike-cho, Hokkaido, Japan, to confirm the effectiveness of this method. However, thus far, no studies have been conducted to evaluate the effects of the hydrodynamic conditions by calculating the iron distributions in the area of the field tests. In this study, we evaluated the continuous effects of this iron fertilization method in Mashike by comparing the changes in seaweed bed distributions with the analyzed iron concentrations over a 5-year study period and the simulation results of iron distribution in the study area. Our findings demonstrated that the biomass of seaweeds at the fertilized (experimental) site was larger than that at the reference site. We also found that both the analyzed iron concentration and the calculated iron distribution in the area corresponded to the distribution of seaweed beds.
INTRODUCTION
Reduction of seaweed beds in coastal areas, creating barren ground, is a serious problem in Japan and around the world [1] . There are many factors that may contribute to the destruction of this important environmental area; these include elevated seawater temperature; grazing by herbivorous animals such as sea urchins; and deficiencies in iron and nutrients such as nitrogen and phosphorus. The growth rate of seaweeds is slower than the grazing rate for seaweeds in such barren areas [2] . Many methods have been tested for the restoration of seaweed beds, including removal of sea urchins and seaweed-eating fishes [2] , fertilization with iron [3, 4] , supplementation with nitrogen and phosphate [5] [6] [7] [8] , installation of adhesive substrate, and production of seed and saplings [2] .
Research by our study group has focused on the shortage of dissolved iron in coastal areas. Based on our studies, we have developed a method for restoring seaweed beds using steelmaking slag and compost containing humic substances [3, 4] . Our method involved the addition of dissolved organic iron, including complexes between iron and humic substances, to coastal barren areas using a 1:1 (v:v) mixture of steelmaking slag and compost [3] . This method is also useful for effective utilization of by-products of the iron manufacturing process and unused biomass. Several studies have been performed to evaluate the characteristics of iron elution from steelmaking slag [3] and the mixture [9] [10] [11] , investigate the complexation between iron and humic substances together with the characteristics of their structures [12] [13] [14] [15] , and evaluate the safety of iron fertilization using our method [11, 16] . We have also investigated the effectiveness of this method in actual coastal areas by field tests at many locations in Japan [17] . In particular, we have evaluated the relationship between changes in the wet weight of seaweed in the area of the field test and parameters of seawater quality, such as dissolved iron (D-Fe), total nitrogen (T-N), and total phosphorus (T-P), in field tests in Mashike, on the Sea of Japan in Hokkaido [3, 4] . It was confirmed that supplying the mixture of steelmaking slag and compost to barren ground resulted in seaweed restoration in the area within a three-year period. However, we have not evaluated the results of field tests sufficiently. Further studies are needed to determine the hydrodynamic conditions in the area of the field test to examine the relationship between the effectiveness of iron fertilizer installation and the characteristics of coastal environments for practical application. In particular, it is important to evaluate Fe distribution area calculated with hydrodynamic simulation together with the increase of seaweed biomass and water qualities.
Here, we focused on the field test that started in 2004 in Mashike, Hokkaido, which has been monitored as an experimental area for more than 10 years. The objective of this study was to evaluate the effectiveness of the method for seaweed bed restoration comprehensively by comparing changes in the distribution and amount of seaweeds from 2004 to 2009 in Mashike based on water quality and hydrodynamic conditions. Although we have investigated the effectiveness after 2010, which is 6 years after the start of the experiment, a local fisherman also performed activities to maintain the fishery environment from 2010. Even though his activities were irregular and on a small scale, we evaluated the change of the seaweed bed distribution and water quality for 5 years after starting the experiment in this study.
MATERIALS AND METHODS

Field test
The field test was started at the Shaguma coast of Mashikecho in Hokkaido, Japan, in October 2004 as a demonstration experiment. This area is shallow for a considerable distance from the shore (over several hundred meters), and the seabed slope is almost 1/40 throughout the experimental area. The average range of the tide is small (approximately ±18 cm) [18] . The shore consists of boulders ranging 20-50 cm in size. Thirty-nine coconut shell fiber bags (0.3 m in diameter and 2 m in length) containing a mixture of steelmaking slag and compost (hereafter referred to as slag-compost fertilizer) were buried at the shoreline of an experimental site (Fig. 1) . A reference site was also located 108 m away from the experimental site. The length, width, and depth of the experimental site were 26, 1, and 0.8 m, respectively.
Changes in the seaweed bed distribution were monitored both qualitatively and quantitatively by taking photographs and using the quadrat and belt transect methods. The wet weight of seaweed per unit area was measured at 3, 5, 10, 25, and 50 m from the shoreline at both the experimental and reference sites. Additionally, the cover degree of the seaweed bed was monitored every 5 m, from 0 to 50 m from the shoreline with a width of 2 m. In this coastal area, the dominant species was Saccharina japonica(Areschoug) C. Lane, Mayes, Druehl et G.W. Saunders var. religiosa(Miyabe) Yotsukura, Kawashima, H. Kawai, T. Abe et Druehl, which is useful for fisheries and as food for sea urchins and abalones. The effectiveness of iron fertilization by monitoring S. Japonica var. religiosa once per year in this study. The dates Table 1 .
Analysis of water quality and iron content in the steelmaking slag
Total N, T-P, and dissolved silicon (D-Si) at the experimental and reference sites located at a distance of 3 m from the shoreline were analyzed once per year beginning 1 year after the start of the field test. Additionally, D-Fe was also monitored once per year beginning 3 years after the start of the field test. Total N and T-P were analyzed using an ultraviolet spectrophotometric method (JIS K0102.45.2) and potassium persulfate oxidation method (JIS K0102.46.3.1), respectively. Dissolved Si was analyzed by absorption spectrophotometry using molybdenum blue (JIS K0101.44.1.2) after filtering the seawater samples with membranes whose pore size (φ) was 0.45 μm. Dissolved Fe concentrations by inductively coupled plasma mass spectrometry (ICP-MS) were measured after filtering with φ 0.45-μm membranes and extracting using the solid-phase chelate resin, Nobias CHELATE-PA1 (Hitachi High-Technologies Corporation, Tokyo, Japan) [19] . The analytical methods for iron included in the steelmaking slag were as follows. We quantified total iron (T-Fe) content using potassium dichromate as titrant after reduction of the iron (III) with titanium (III) chloride (ISO 9507:1990) 
Iron diffusion simulation
Numerical simulation was conducted for estimating iron diffusion, under the wave induced nearshore currents. The effects of the tidal current were considered small because the experimental area, i.e., the Shaguma coast in Mashike, is geographically open to the sea and on the side of the Sea of Japan, where there is little variation in sea level. Moreover, the maximum water depth of iron diffusion simulation area is about 20 m and its cross-shore width is less than 900 m. As we could find no examples that Tsushima current directly influenced to the material diffusion along the shoreline, the effects of Tsushima current were not taken into account for this simulation. Therefore, nearshore currents under average wave conditions were chosen to be the predominant external force of material diffusion in the area of the field test. The chosen current originated from the wave-driven force, or the "radiation stress" produced from the wave height distribution in the coastal area. Calculations of wave deformation and nearshore current area were examined. The former calculation was conducted using the energy balance equation proposed by Karlsson [20] combined with the wave breaking model proposed by Isobe [21] . The latter calculation was performed using the shallow water equation, including a radiation stress term [22] . Figure 2 shows the seawater depth data, obtained from an area in which the direction of the shoreline was 8 km, the coast-offing direction was 4.4 km, and the greatest depth was about 40 m. The size of mesh generation was 40 × 40 m.
The significant wave height and significant wave period were set for 1 m and 6 s, respectively, using the wave conditions for the calculation based on observed data from 1981 to 1999 in Rumoi [23] , which is close to the experimental area. Nearshore currents from the west are predominant in Rumoi. However, it was predicted that the average direction of the nearshore currents in the area of the field test was perpendicular to the shoreline, i.e., slightly different from that in Rumoi, owing to the effects of refracting on the current direction. In this simulation, waves and nearshore currents whose directions were 20° in the western direction perpendicular to the shoreline were entered in the calculation area Table 1 Investigation methods for seaweed bed distribution and water quality during the 5-year study period.
Year
Period for investigation . In these data, the distributions of seaweed containing many species from 0 m to 50 m apart from the shorelines with the width of 2 m at the experimental site and reference site were described. The trends in changes in the distribution of S. japonica var. religiosa at the experimental site were similar to those at the reference site. However, the region of the seaweed distribution at the experimental site seems to be larger than that at the reference site as a whole, particularly from 2005 to 2007.
The effects of slag-compost fertilizer installation were confirmed together with the results of quadrat investigations and water quality analysis [4] . However, it is possible that these results were not caused by the installation of the slag-compost fertilizer but rather from the changes in seaweed biomass in the surrounding coastal area. It should be confirmed that the tendency of changes of seaweeds at the experimental site was different from that in the surrounding area. The difference of seaweed biomass between the experimental site and the reference site should be evaluated through statistical methods.
The changes in S. japonica var. religiosa at the experimental site compared with changes in kelp production in Hokkaido and seawater temperatures at Otaru Port in Hokkaido. As shown in the line graphs in Fig. 4 , accumulated seawater temperatures for the preceding year and the year of interest from 2003 to 2012 were calculated from the data of seawater temperature inside Otaru Port [24] . Only the data of measured seawater temperatures in Otaru Port for more than ten years have been published in Hokkaido. Both Mashike and Otaru are on the side of the Sea of Japan. The coastal environment, such as the tendency of seasonal changes in seawater temperatures and the effect of Tsushima current, is expected to be the same. Therefore, it is appropriate to use the data of seawater temperature in Otaru Port. Surface seawater at the south part of the port was sampled and its temperature was measured at 10 a.m. almost every day. As daily data sometimes had a lack, the monthly averaged value was multiplied by days of each month and defined it as the monthly integrated seawater temperature. The annual accumulated seawater temperatures were calculated by aggregation of monthly integrated temperatures. The bar graphs in Fig. 4 indicate the annual kelp production based on a database [25] . Thus, the annual accumulated seawater temperatures of the preceding year seemed to have a higher correlation with the annual catch of kelp in Hokkaido than with the accumulated seawater temperatures of the year of interest. Figure 5 shows the relationships between the accumulated seawater temperatures of the year of interest and the preceding year in Otaru Port and the annual catch of kelp in Hokkaido. The R 2 values in Fig. 5 (a) and Fig. 5 (b) were 0.555 and 0.0315, respectively. Although both values are not significant, the absolute value of correlation coefficient in Fig. 5 (a) was much higher than that in Fig. 5 (b) . Thus, these data supported that the accumulated seawater temperature of the preceding year was related to the kelp production in Hokkaido. These data indicated that the small amount of accumulated seawater temperature from the preceding year as shown in Fig. 4 might be one of the main reasons for a large amount of S. japonica var. religiosa at the experimental site. However, in 2005, the wet weight of S. japonica var. religiosa increased at the experimental site, despite the observation that the kelp production in Hokkaido and the wet weight of S. japonica var. religiosa at the reference site decreased and the accumulated seawater temperature increased. Changes in S. japonica var. religiosa were also evaluated using boxand-whisker plots and significance tests. Figure 7 shows a box-and-whisker plot, which was used to evaluate the differences in wet weights between the experimental and reference sites from 2005 to 2007. The wet weight of S. japonica var. religiosa at the experimental site was apparently larger than that at the reference site until reaching a distance of 25 m from the shoreline. Furthermore, the data showed significant differences in average wet weights from 3 m to 50 m from the shoreline and the wet weight at 3 m (p < 0.05) by MannWhitney U tests.
It was found that the change in the amount of S. japonica var. religiosa at the experimental site was different from that in the surrounding area and not related to the annual accumulated temperature of the preceding year. It was also confirmed that the wet weight of S. japonica var. religiosa at the experimental site was larger than that at the reference site based on the statistical evaluation. These results indicated that installation of the slag-compost fertilizer was effective for restoring seaweed beds.
Water quality and iron content in the steelmaking slag
Analytical results of T-N, T-P, D-Si, and D-Fe concentrations at the experimental and reference sites, located at a distance of 3 m from the shoreline, are listed in Table 2 . Seawaters were sampled at almost the same time every year, as listed in Table 1 . The ranges of T-N, T-P, and D-Si concentrations were 0.1 − 0.36, 0.01 − 0.02, and 0.67 − 2.3 mg/L, respectively. There were no differences in concentrations between the experimental site and the reference site. However, iron concentrations at the experimental site were higher than those at the reference site from 2006 to 2009. A previous study showed that the D-Fe concentration at the experimental site in June 2007, i.e., 3 years after the start of the field test, was higher than that at the reference site [4] . The effects of fresh water were thought to play a role because the experimental area was only 1 km from the mouth of Hashibetsu River. However, although no apparent correlations were confirmed among the D-Fe concentration, electric conductivity (EC), and D-Si concentration, there was a correlation between EC and D-Si [4] . These data strongly suggested that the iron eluted from the slag-compost fertilizer was distributed at the experimental site because the D-Fe concentration at the experimental site was higher than that at the reference site for all years. Figure 8 shows the changes in T-Fe concentrations in the steelmaking slag of the slag-compost fertilizer. We confirmed that residual iron was present in the steelmaking slag 4 years after the start of the field test, although the amount of T-Fe was reduced by half. This result was consistent with the observation that the iron concentration at the experimental site was larger than that at the reference site until 5 years later. The correlation between the decrease in iron content in the steelmaking slag and the decrease in D-Fe concentration also suggested that the iron supplied by the slag-compost fertilizer was strongly related to the increase in the D-Fe concentration at the experimental site.
Iron diffusion simulation Figure 9 shows the calculated relative special distribution of supplied iron, which was obtained by numerical simulation for wave-induced nearshore current and advection-diffusion process under the highly probable wave condition in the area throughout the year. Namely, the significant wave height is Experiment site Reference site 1 m and the wave period is 6 s and incident direction is 20° west-word from right angle to the shoreline. The arrows in Fig. 9 show the calculated nearshore current. Predicted relative distribution of iron is described by light and shade so the value of supplying point is 100%. Although it is difficult to verify the accuracy of the simulation procedure by iron concentration itself, these results seem to suggest the timeintegrated tendency of iron abundance. The overall direction of the nearshore current was found to be east, except for the western direction of the current in the western part of the topography owing to the geographical peninsula shape. It was also confirmed that eluted iron from the experimental site was distributed along the shoreline and that the distribution of the offshore direction was relatively small, although iron concentrations at the reference site were not increased. The assumption of calculation that Tsushima current was not taken into count was proved to be proper. The calculated result indicated that fertilized iron at the experimental site was distributed along the front of the peninsula and was not distributed along the front of the reference site. These results were consistent with the observed changes in seaweed biomass and seaweed distribution and with the results of water quality analysis, as described below. For our analysis of seaweed biomass, our results (Figs. 3 and  7 ) strongly suggested that there were differences in S. japonica var. religiosa biomass between the experimental and reference sites based on the results of U tests. Additionally, the simulation results also predicted that the effects of the slag-compost fertilizer installation were limited within the area near the shoreline in this experimental condition. The simulation results corresponded to the experimental results quantitatively.
Thus, based on all of these considerations, we concluded that the installation of the slag-compost fertilizer had confirmed effects on the coastal area of Mashike in Hokkaido.
CONCLUSIONS
We conducted a comprehensive evaluation of field tests in Mashike, Hokkaido beginning from October 2004 in order to confirm the effectiveness of iron fertilization for restoring seaweed beds using steelmaking slag and compost. We examined changes in seaweed biomass and seaweed distribution, and performed water analyses at the experimental area. Additionally, we estimated the effects of seawater temperature and kelp production in Hokkaido on the increase in S. japonica var. religiosa at the experimental site and evaluated iron distribution at the experimental area using a numerical simulation. From our data, we concluded that the installation of the slag-compost fertilizer was effective for restoring seaweed beds on the Sea of Japan coast in Hokkaido, particularly for the coastal area, where lack of iron is a major factor limiting the growth of large seaweeds.
Further evaluations are needed to determine the suitable coastal environmental condition for installing our slagcompost fertilization method toward practical applications. Comprehensive evaluations should also be conducted in areas in which other field tests are ongoing [17] based on changes in seaweed biomass, water quality, and hydrodynamic conditions calculated with numerical simulation. It is important to summarize the characteristics of suitable coastal areas wherein the shortage of iron is the main factor for seaweed bed depletion and distribution of iron may be effectively improved by installation of the slag-compost fertilizer in future studies.
